Abstract: Atomically thin magnets are the key element to build up spintronics based on twodimensional materials. The surface nature of two-dimensional ferromagnet opens up opportunities to improve the device performance efficiently. Here, we report the intrinsic ferromagnetism in atomically thin monolayer CrBr3, directly probed by polarization resolved magnetophotoluminescence. The spontaneous magnetization persists in monolayer CrBr3 with a Curie temperature of 34 K. The development of magnons by the thermal excitation is in line with the spin-wave theory. We attribute the layer-number dependent hysteresis loops in thick layers to the 2 magnetic domain structures. As a stable monolayer material in air, CrBr3 provides a convenient platform for fundamental physics and pushes the potential applications of the two-dimensional ferromagnetism.
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Ferromagnetism in atomically thin magnet has been studied in a variety of van .
Even though the long-range magnetic order is highly suppressed by the thermal excitation of magnons in a two-dimensional (2D) magnet at finite temperature 7 , the magnetic anisotropy opens an energy gap in the magnon spectra and therefore, protects the ferromagnetism in two dimensions.
The magnon-magnon interaction in such van der Waals ferromagnets also provides a platform to study the fundamental topological spin excitation, for example, Dirac magnon 8 and topological magnon surface state 9 . Moreover, in contrast to the three-dimensional ferromagnet, magnetic 2D materials show tunable magnetic properties due to their surface nature [1] [2] [3] [10] [11] [12] [13] . Particularly the layer-number dependent 4, 6, 14 and gate-tunable magnetism 3, 10-13 opens a new way to build spintronic devices with high accuracy and efficiency [15] [16] [17] [18] [19] [20] .
Among various van der Waals ferromagnets, CrBr3 is an interesting platform to study the magnetism in low dimensions and light matter interactions in magnetic materials. The neutron scattering has revealed the Dirac points in bulk CrBr3 21, 22 , formed by acoustic and optical spinwave modes, where both intralayer and interlayer exchange interactions play an important role.
On the other hand, optical absorption spectra in CrBr3 have shown the out-of-plane magnetic field dependence 23 , suggesting potential applications in optoelectronics. However, magnetism in atomically thin CrBr3, especially in monolayer limit, is still unknown.
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In this work, we demonstrate the ferromagnetism in 2D van der Waals CrBr3. We show the spontaneous magnetization in monolayer CrBr3, probed by d-d transition induced photoluminescence (PL) with a polarization-resolved optical confocal setup. The magnon excitation is limited at the low temperature region, but shows an exponential development as further increasing the temperature, which is in line with the spin-wave theory. It is worthy to mention that CrBr3 is much more stable in air as compared to CrI3 as reported previously 6, 24 , providing a convenient platform for magnetic material applications. Our study also shows the ferromagnetic interlayer coupling and magnetic domain induced hysteresis loops in multilayers,
providing an opportunity to use magnetic domains as the information carrier in a van der Waals magnet.
The atomic structure of monolayer CrBr3 is shown in Figure 1a . Cr 3+ ions are arranged in a honeycomb lattice, and the Cr-Br-Cr bond forms an angle of 95.1 degrees, suggesting that ferromagnetic superexchange interaction is energetically favorable. To study the magnetism in two dimensions, CrBr3 flakes were exfoliated on a quartz substrate as shown in the insert of Figure 1b .
Although in previous studies, reflection and absorption spectra have indicated the presence of 4 T2
parity forbidden d-d transition 23 as shown in Figure S1 , we first experimentally uncovered the dd transition induced PL at 1.35 eV (Figure 1b ), excited by a continuous wave (CW) laser at 1.77
eV. All measurements were performed at 2.7 K, unless otherwise specified. We studied the laser power dependent PL under the same polarization configuration ( Figure S2 ). The PL intensity scales linearly with the laser power. This linear dependence rules out the possibility that the PL arises from the defect-bond excitons whose PL intensity trends to saturate while increasing the laser power 25 . We further examined the PL spectra for various layer-thicknesses as shown in K is only slightly lower than that of the bulk (i.e. 37 K). Figure 3 shows the polarization as a function of the temperature. The excitation of magnon by thermal fluctuation degrades the longrange magnetic order. We describe the reduced polarization as increasing the temperature within a spin-wave theory 27 . In an isotropic 2D spin system, the gapless magnon spectra leads to the absence of the spontaneous magnetization at finite temperature. Nevertheless, ∆ 0 , the spin wave gap opens by the anisotropic energy, protects the long-range magnetic order, which plays an . The solid line in Figure 3 shows the fitting results with this model, in line with our experimental data. In the low temperature region (< 15K), the polarization weakly depends on the temperature. Further 7 increasing the temperature leads to an exponential development of magnons and the polarization rapidly decreases until vanishing at the TC.
Next, we study the layer-layer interaction in 2D van der Waals CrBr3. The interlayer coupling is revealed by a bilayer CrBr3 with the thickness of about 2 nm, determined by AFM ( Figure S3 ).
Distinct from bilayer CrI3, whose interlayer coupling at the ground states was antiferromagnetic 6 , bilayer CrBr3 preserves ferromagnetism as shown in Figure 4 (a), suggesting a ferromagnetic interlayer coupling. Note that the transition field for bilayer CrBr3 from fully spin up states to fully spin down states, is almost one order smaller than that for bilayer CrI3 6 . This is in line with the different anisotropic energies of these two ferromagnetic insulators.
Finally, we discuss the magnetism in multilayer CrBr3. Figure 4b shows the polarization as a function of the magnetic field for 8, 54 and 73 nm samples. Different from the thin sample, whose rectangular hysteresis loops indicate single-domain and fully out-of-plane anisotropic magnetic ordering, the polarization of thicker CrBr3 samples vanishes at 0 T. As the magnetic field was increased, the polarization became saturated after reaching a transition field, being similar to that of previously reported multilayer Fe3GeTe2 4 and Co/Pt thin films 28 . We attribute this magnetic behavior to the formation of strip-and honeycomb-like magnetic domain structures as reported in Ref 29 , which is beyond the resolution of the PL setup. The spot size of our excitation laser is about 1 m, and thereby the polarization is contributed by several domains. As a result, the polarization at 0 T vanishes and shows a gradual evolution as increasing the magnetic field, and abruptly saturates at a certain magnetic field. The possible reason for forming this kind of domains might be the low out-of-plane anisotropic energy in thick CrBr3 30 . Even in a very low temperature (2.5K), the ratio of out-of-plane anisotropy to the exchange interaction is strongly dependent on the dimension. The enhanced out-of-plane anisotropy in thin layers might result from a reduced 8 screening effect 24 . Even though we could expect a higher TC with a larger out-of-plane anisotropy, the competition of the increased thermal fluctuation in thin layers eventually makes the TC slightly lower than that of bulk.
To conclude, we demonstrate ferromagnetism in atomically thin CrBr3 through polarization resolved magneto-PL. In monolayer CrBr3, a rectangular hysteresis loop shows the spontaneous magnetization persists despite the thermal fluctuation. The polarization vanishes at 34 K due to the excitation of magnons. We also reveal the ferromagnetic interlayer coupling in a bilayer.
Finally, the hysteresis loops of thick layers are assigned to the formation of strip-and honeycomblike magnetic domains, whose magnetization is strongly dependent on the layer number of CrBr3.
Our study uncovers the magnetism in 2D CrBr3 and might pave a way for novel opto-electronic and spintronic devices.
Methods
We fabricated atomically thin CrBr3 layers by mechanical exfoliation on a quartz substrate in an argon-filled glovebox. The thickness of the sample was firstly estimated by optical contrast and then confirmed by AFM. After fabrication, the sample was load into a magneto-cryostat (Cryomagnetics close-cycle cryostat) with an out-of-plane magnetic field ranging from -7 T to 7
T. We use a home-made fiber based confocal microscope to perform the polarization resolved PL.
Polarizers and waveplates are equipped on the excitation and collection arms to selectively excite and detect circularly polarized light. The PL spectra are obtained by a spectrometer (Andor Shamrock) with a CCD detector. To measure the hysteresis loops, the PL emission was collected by a single-mode fiber and detected by an APD.
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Supporting Information
The Supporting Information is available free of charge on the ACS Publications website.
Additional details on configurational coordinate diagram for the 4 The PL intensity as a function of the laser power for monolayer is used to rule out the effect of defect on PL. The PL emission was collected by a single-mode fibre and detected by the APD. The linear dependence indicates that the PL doesn't arise from the defect-bound excitons 2 , whose PL intensity trends to saturate at a high excitation power. shows the calculated polarization as a function of the magnetic field. By studying the laser power dependent hysteresis loops, we rule out the effect of thermal excitation on magnetism.
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Furthermore, the polarization is almost independent to the laser power, indicating that the defined polarization is proportional to the magnetization. TC for 73 nm sample is around 37 K, the same as bulk CrBr3 as reported previously 1 .
